Background: The natural history of prostate cancer is highly variable and difficult to predict accurately. Better markers are needed to guide management and avoid unnecessary treatment. In this study, we validate the prognostic value of a cell cycle progression score (CCP score) independently and in a prespecified linear combination with standard clinical variables, that is, a clinical-cellcycle-risk (CCR) score.
two large prospective trials one of which showed a 21% reduction in prostate cancer mortality while the other found no effect (Andriole et al, 2009; Schröder et al, 2012) .
Although these trials came to different conclusions about the efficacy of PSA screening, there is general agreement that better strategies for avoiding overtreatment of early cancers are needed (Cuzick et al, 2014) before screening can be widely adopted. Current management decisions are guided largely by Gleason score, baseline PSA level, clinical stage, and extent of disease based on core biopsies, and these have been summarised in clinical scores, such as CAPRA (Cooperberg et al, 2005) , the Kattan nomogram (Kattan et al, 2008) , and the Cuzick score (Cuzick et al, 2006) . Although these predictions are valuable, a large number of patients with clinically localised disease are left with an intermediate prognosis (Albertsen et al, 1998 (Albertsen et al, , 2005 Cooperberg et al, 2005; Cuzick et al, 2006; Kattan et al, 2008; Cooperberg et al, 2009) , and there is considerable uncertainty about their need for radical treatment.
Independent of whether a cancer is diagnosed via screening or symptomatically, active surveillance is becoming the standard care for many men with clinically localised prostate cancer. This makes it even more important to develop biomarkers that can be evaluated in needle biopsies before a decision is made about radical therapy.
Previously, it has been shown that a cell cycle progression (CCP) score added a substantial amount of prognostic information to standard clinicopathological markers for a range of prostate cancer outcomes (Cuzick et al, 2011 (Cuzick et al, , 2012 Cooperberg et al, 2013; Freedland et al, 2013; Bishoff et al, 2014; Sommariva et al, 2014) . The score was predictive for prostate cancer death in conservatively managed men with clinically localised disease diagnosed by either transurethral resection of the prostate (Cuzick et al, 2011) or needle biopsy (Cuzick et al, 2012) . Here we present a needle biopsy-based validation study of both the CCP score alone and as part of a prespecified linear combination with standard clinical variables (combined clinical-cell-cycle-risk (CCR) score) for predicting prostate cancer death in a contemporary cohort of men with clinically localised disease who were initially managed conservatively.
MATERIALS AND METHODS
Patients. Potential cases of prostate cancer were newly identified from three cancer registries in Great Britain and were distinct from those in our earlier cohorts (Cuzick et al, 2006 (Cuzick et al, , 2011 (Cuzick et al, , 2012 , which evaluated the CCP score. Within each region, collaborating hospitals were sought and case notes reviewed. Men were included in this study if they were aged o76 years at diagnosis and had clinically localised prostate cancer diagnosed by needle biopsy between 1990 and 2003 inclusively. The median date of diagnosis was May 2002 (IQR January 2001 , May 2003 . Patients treated by radical prostatectomy or radiation therapy within 6 months of diagnosis were excluded. Additionally, those with objective evidence of metastatic disease (by bone scan, X-ray, radiograph, CT scan, MRI, bone biopsy, lymph node biopsy, pelvic lymph node dissection) or clinical indications of metastatic disease (including pathological fracture, soft tissue metastases, spinal compression, or bone pain), or a PSA measurement 4100 ng ml À 1 at or within 6 months of diagnosis were also excluded. Men who had hormone therapy prior to the diagnostic biopsy were also excluded because of the influence of hormone treatment on interpreting Gleason score. We also excluded men who died within 6 months of diagnosis or had o6 months of follow-up (Cuzick et al, 2006) .
Original histological specimens from the diagnostic procedure were requested and centrally reviewed by a panel of urological pathologists to confirm the diagnosis of adenocarcinoma and to reassign Gleason scores using a contemporary and consistent interpretation of the Gleason scoring system (Epstein et al, 2005; Epstein, 2010) .
Follow-up to 31 December 2012 was conducted through the cancer registries. Deaths were divided into those from prostate cancer and those from other causes by registry staff using death certificates only, according to World Health Organisation standardised criteria (WHO, 2010) . National ethics approval was obtained from the Northern Multicentre Research Ethics Committee, followed by approval from local ethics committee at each collaborating hospital.
Sample preparation. All samples were processed in a CLIAcertified laboratory at Myriad Genetics (Salt Lake City, UT, USA). Samples consisted of up to 10 5-mm needle biopsy sections. Selected regions of carcinoma were removed from unstained slides by macro-dissection according to the on-site pathologist's instructions. Paraffin was removed using deparaffinisation solution (Qiagen, Valencia, CA, USA). Total RNA was extracted with miRNeasy (Qiagen) as described by the manufacturer.
Total RNA was treated with DNase I (Sigma-Aldrich, St Louis, MO, USA) before cDNA synthesis. High-capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA) was used to convert total RNA into single-strand cDNA as described by the manufacturer. Before measurement of gene expression, the cDNA was preamplified as previously described (Cuzick et al, 2011 (Cuzick et al, , 2012 , and expression data were generated using TaqMan Low Density arrays (Applied Biosystems). Expression data were recorded as a threshold cycle value, the PCR cycle at which the fluorescence intensity exceeded a predefined threshold, and all samples were tested in triplicate.
CCP score. We attempted to compute the CCP score for each individual where adequate material (i.e., X0.5 mm linear extent of tumour evident on an adjacent diagnostic H&E slide (http:// www.prolaris.com/information-for-physicians/pathology/technicalspecifications) was available. A total of 31 predefined CCP genes and 15 housekeeper genes were amplified on one TaqMan Low Density array. The values of each of three replicates of each of the 31 CCP genes were normalised by subtraction of the average of up to 15 non-failed housekeeper genes for that replicate. Samples failed quality assurance if more than two housekeeper genes or more than nine CCP genes were missing, or if the s.d. of the CCP scores across the triplicate was 40.5. Full details have been published previously (Cuzick et al, 2012) .
Statistical analysis. Survival was analysed with a Cox proportional hazards model. The primary end point was time to death from prostate cancer. Observations were censored on the date of last follow-up or at death from other causes. All events were used for estimating hazard ratios, but follow-up was censored at 10 years for predicting 10-year risks. Covariates were: centrally reviewed Gleason grade, baseline PSA value, clinical stage, extent of disease (proportion of positive cores), age at diagnosis, and initial hormone management.
A previously published score (CAPRA) (Cooperberg et al, 2005 ) based on Gleason score, PSA, clinical stage, proportion (%) of positive cores, and age was computed for each patient. The score ranged from 1 to 10 and was considered linearly and in groups. A predefined combined CCR score encompassing both the CAPRA (linear) and CCP scores was calculated as CCR ¼ 0.39 Â CAPRA þ 0.57 Â CCP. These coefficients were derived from analyses of four previously described prostate cancer cohorts (Brawer et al, 2013) Two additional risk scores, the Kattan (Kattan et al, 2008 ) and the Cuzick (Cuzick et al, 2006) , which was used in our previous analyses, were also calculated for each patient. Further exploratory analyses included testing for proportional hazards, evaluating predictive value in years 0-4, 5-9 and 10 þ separately, and testing for interactions of the CCP score with individual clinical covariates. Statistical analyses were done with STATA (version 12, StataCorp, College Station, TX, USA) and R (version 3.0, The R Foundation for Statistical Computing, Vienna, Austria).
The analysis data set and an analysis plan were prespecified, and all CCP scores were preassigned before the clinical and outcome data were unmasked. All P-values and 95% CIs were two-sided, and P-values were based on w 2 statistics with one degree of freedom obtained from partial likelihoods of proportional hazards models, unless otherwise indicated.
RESULTS
The full cohort comprised 989 men. A total of 145 (15%) samples had inadequate tumour (o0.5-mm length on an adjacent H&E section) and a further 83 (8%) failed CCP score quality assurance (Supplementary Figure S1 ). For those with adequate amounts of tumour visible on the H&E (n ¼ 844), 90% produced a CCP score. One patient lacked information about extent of disease, two patients had missing baseline PSA information, and a further 173 were missing clinical stage, leaving 585 with a CCP score and all clinical variables for analysis in the primary analysis cohort (Supplementary Figure S1) . The median age at diagnosis was 70.8 years (IQR (66.5, 73.6 years)). The median follow-up time was 9.52 years (IQR (6.6, 10.8 years), maximum 19.33 years). Tumour characteristics are shown in Table 1 . A total of 100 men (17%) died from prostate cancer, 168 (29%) died from other causes, and 317 (54%) were alive at last follow-up (31 December 2012). The median CCP score was 0.40 (IQR ( À 0.10, 1.00)).
Univariate analyses. In the primary univariate analysis (Table 1) , a one-unit increase in CCP score was associated with a highly significant 2.08-fold increase in the hazard of dying from prostate cancer (95% CI (1.76, 2.46), w 2 ¼ 56.4, P ¼ 6.0 Â 10 À 14 ). The 10-year death rates from prostate cancer were 7% for those with a CCP score o0 and increased to 15, 36, and 59% for CCP score groups 0-1, 1-2, and 42, respectively (Figure 1 ). Similar results were seen if all 761 men with a valid CCP score were analysed (HR ¼ 2.13, 95% CI (1.83, 2.47), w 2 ¼ 76.0, P ¼ 2.9 Â 10 À 18 ). All clinical covariates were significant at the univariate level with the exception of age at diagnosis (w 2 ¼ 1.09) and year of diagnosis (w 2 ¼ 1.06) ( Table 1 ). The univariate hazard ratio for a one-unit change in CAPRA was 1.40 (95% CI (1.28, 1.52), w 2 ¼ 65.0, P ¼ 7.8 Â 10 À 16 ). We also considered CAPRA (n ¼ 761) with imputed clinical stage (n ¼ 173), PSA (n ¼ 2), and extent of disease (n ¼ 1), but this did not materially alter its univariate hazard ratio (HR ¼ 1.43, 95% CI (1.33, 1.55), w 2 ¼ 100. Multivariate analyses. In a predefined bivariate analysis, the CCP score retained significance when added to CAPRA (HR ¼ 1.76, 95% CI (1.44, 2.14), Dw 2 ¼ 25.6, P ¼ 4.1 Â 10 À 7 ; Table 2 ). In the current cohort, the fitted coefficients for CCP and CAPRA were 0.56 and 0.26, respectively, and were very similar to the prespecified values (0.57 and 0.39, respectively). A full multivariate analysis with de novo treatment of the clinical parameters was also performed as the most conservative test of the independent prognostic information in the CCP score. In this model, the CCP score remained a highly significant predictor of prostate cancer death (HR ¼ 1.76, 95% CI (1.47, 2.14), Dw 2 ¼ 23.7, P ¼ 1.14 Â 10 À 6 ) after adjusting for Gleason score (four levels), PSA (log-linear), percentage of positive needle cores (extent of disease), and clinical stage (three levels).
We found no evidence of an interaction between CCP and CAPRA, Gleason score, or PSA when an interaction term was added to separate bivariate survival analyses or in the de novo multivariate model.
CCR validation.
A previously defined linear combination of CCP score and CAPRA (CCR score) was used. This score was highly significant for death from prostate cancer. The hazard ratio associated with a one-unit increase in the CCR score was 2.17 (95% CI ¼ (1.83, 2.57) w 2 ¼ 88.9, P ¼ 4.1 Â 10 À 21
; Table 1 ). No other variable added significant information to the predefined CCR score, except for a small effect of 'extent of disease' not fully captured by CAPRA (Dw 2 ¼ 6.82, P ¼ 0.01). However, this would not be significant if a Bonferroni correction was used to account for the six variables explored. The impact of this variable was greater than in our previous study (Cuzick et al, 2012) and probably reflects the greater number of needle biopsies taken in this cohort (mean 6.9 vs 3.1, P ¼ 2.2 Â 10 À 16 ). For predicting 10-year prostate cancer-specific mortality, the cindex for CAPRA was 0.74 and improved to 0.78 for CCR, further demonstrating that the addition of CCP adds significant risk stratification to what is available from clinicopathological variables alone. This compares favourably with a recent DNA-based test in patients treated by radical prostatectomy where biochemical recurrence was the end point (Cooperberg et al, 2006) . The 10-year risk of prostate cancer death as a function of CCR is shown in Figure 2 and is virtually identical to the 10-year risk curve derived from our previously published conservatively managed biopsy cohort, although the CCP score distribution was substantially lower (median 0.40 vs 1.03) in the current study.
Subgroup and exploratory analyses. The prognostic value of CCP stratified by CAPRA score and separate clinical variables is shown in Figure 3 . No significant heterogeneity was observed. Effects of the CCP score were slightly stronger in years 0-5, (HR ¼ 2.47, 95% CI (1.87, 3.26)), than for years 5-10 (HR ¼ 2.03, 95% CI (1.62, 2.56)), but the difference was not statistically significant (P ¼ 0.3, Table 2 ). No effect was seen after 10 years, but confidence intervals were wide (HR ¼ 1.38 95% CI (0.78, 2.46)).
Identification of a low-risk group suitable for active surveillance. CAPRA identified 80 men (13.7%) in the low-risk group (0-2) and those with CAPRA ¼ 2 had a 10-year prostate cancer mortality of 4.0%. CCR indicated 11 (14%) men in this group had a higher risk and identified a further 31 (44%) men with CAPRA ¼ 3 but with a risk of o4.0% using the combined CCR score. A dot plot (Figure 4) shows the predicted value of CAPRA alone vs the combined CCR score.
Comparison with other clinical scores. We evaluated two previously published clinical risk scores for prostate cancer mortality in patients managed conservatively. Both were highly correlated with CAPRA (Kattan (Kattan et al, 2008) , r ¼ 0.8, Cuzick (Cuzick et al, 2006) , r ¼ 0.85). The results were w 2 ¼ 61.3, P ¼ 4.8 Â 10 À 15 and w 2 ¼ 56.0, P ¼ 7.4 Â 10 À 14 , respectively, indicating similar predictive power for all three scores. The hazard ratio for adding the CCP score was very similar, regardless of which clinical score was used (CAPRA, HR ¼ 1.76; Kattan, HR ¼ 1.70; Cuzick, HR ¼ 1.71).
DISCUSSION
The goal of this study was to validate a predefined prognostic score (CCR) in order to help physicians select appropriate clinical management for patients with newly diagnosed clinically localised prostate cancer. These results confirm our previous findings for the prognostic value of the CCP score measured in diagnostic needle biopsies (Cuzick et al, 2012) . For conservatively managed patients, the CCP score was highly prognostic for death from prostate cancer and provided important independent information that could not be obtained from clinical data. In addition, this study provides a fully independent validation in a new data set of a predefined CCR score as a linear combination of the CCP score and clinical variables (combined in the CAPRA score), which almost completely accounted for all molecular and clinical prognostic information. Further work is needed to determine if DNA based (Lalonde et al, 2014) or other markers can add useful information to our combined score. The results presented here also establish the clear added prognostic value of the CCP score beyond that obtained from CAPRA, a well-established score for classical clinicopathological variables. Similar added value of the CCP score was seen when either the Kattan nomogram or Cuzick score was used for the classical variables. We used CAPRA in this study to account for the clinical information, because it has been extensively validated on thousands of patients (Cooperberg et al, 2006; May et al, 2007; Zhao et al, 2008) and its derivation is simple and transparent.
Of interest is that the CCP score could be generated with as little as 0.5-mm tumour evident on diagnostic H&E from a single positive needle biopsy core. Here, we used archival samples, 410 years old, and the assay success rate was 77% overall and 90% when 40.5 mm of tumour was visible on the matched H&E section. However, higher success rates are seen in data from the Myriad commercial laboratory (95.3% for all tests in 2013), with little variation between triplicate quantitative laboratory tests. Also, unlike Gleason grading, the CCP score has no subjective component.
The strengths of this study include complete long follow-up, contemporary path review of Gleason grade, a definitive end point (10-year mortality from prostate cancer) and a completely independent validation cohort with fully prespecified objective end points and prespecified analysis algorithms. Limitations are that these were all symptomatic patients with a worse average prognosis than for contemporary cohorts of mostly screen-detected cancers, and changes in treatment X6 months after diagnosis were not documented, except in part of one registry where patient notes were reviewed for 170 men. In that group, about 45% of the men had either a prostatectomy or radiotherapy by month 24, but we found it extremely difficult to determine if subsequent treatment was due to disease progression, patient anxiety, or both. This rate of treatment is not unexpected given that the cohort contained men across all risk categories. For typical active surveillance cohorts containing low-risk men only, about one-third of patients opt for definitive treatment within 2 years (Cooperberg et al, 2011; Dall'Era et al, 2012) . Although objectively identified form cancer registries, this was a retrospective cohort, as any prospective study would take 10 years to accrue the follow-up needed for our end point. Cause of death was ascertained from death certificates only by registry staff, but no relationship between death from other causes and the CCP score (or CCR and CAPRA when age was allowed for) was seen, suggesting that there was little misclassification of cause of death.
We found that all of the predictive information in the CCP score and the clinicopathological variables was captured by the CCR score. For men with Gleason 3 þ 3, the observed 10-year mortality was low (3.1%) in our cohort so precise estimates in this group are not possible. In 2004-2007, at least 80% of such patients received radical treatment in the United States , and the CCP score may be useful to support active surveillance for these patients. The CCR score classified 63% of patients with Gleason 3 þ 3 as having a 10-year mortality of o5%, whereas CAPRA identified only 46% in this group. For men with Gleason 3 þ 4, where the 10-year disease specific mortality was 15.5%, the CCP provides very useful prognostic information for decision making. This was also true for CAPRA scores of 2 or 3 where the 10-year risk was 4.0% and 5.7%, respectively. For higher CAPRA scores or Gleason scores, most patients would need radical Figure 3 . Hazard ratio and 95% CIs (censored at 10 years) for prostate cancer death for a one unit change in CCP score for different clinical subgroups and CAPRA risk groups. P-values after each variable indicate significance of a test for heterogeneity. treatment, but the CCP score can also help in determining the need for adjuvant endocrine or chemotherapy.
